Abstract Ontogenetic variation in plasticity is important to understanding mechanisms and patterns of thermal tolerance variation. The Bogert effect postulates that, to compensate for their inability to behaviourally thermoregulate, less-mobile life stages of ectotherms are expected to show greater plasticity of thermal tolerance than more-mobile life stages. We test this general prediction by comparing plasticity of thermal tolerance (rapid cold-hardening, RCH) between mobile adults and less-mobile larvae of 16 Drosophila species. We find an RCH response in adults of 13 species but only in larvae of four species. Thus, the Bogert effect is not as widespread as expected.
Introduction
The thermal tolerances and geographic distributions of ectotherms are linked, and understanding thermal limits can shed light on responses to climate change (e.g. Angilletta 2009 ). The methodology used in such studies has been debated (e.g. Terblanche et al. 2011; Rezende and Santos 2012) and does not incorporate adaptation potential into predictions (Hoffmann and Sgrò 2011 ). An overlooked failing of biogeographic association studies is the emphasis on adult-stage thermal tolerance. This adult bias is particularly problematic for holometabolous insects, whose larval stages may have limited mobility among thermal microhabitats and whose thermal limits can differ significantly from the adult stages (Bowler and Terblanche 2008) . Ontogenetic differences in thermal limits may confound understanding of species' distributions and climate change responses. This is particularly true if thermal tolerances of the more sedentary, and potentially more susceptible, life stages set distributional limits.
Behavioural thermoregulation allows ectotherms to avoid extreme conditions, so more-mobile ectotherms should experience reduced selection for physiological plasticity (the Bogert effect; Huey et al. 2003) . Marais and Chown (2008) suggested that the Bogert effect applies among life stages of holometabolous insects (where adults may be more mobile than larvae). Chill coma recovery time (CCR) was more plastic in larvae than adults of the sub-Antarctic kelp fly (Paractora dreuxi; Marais and Chown 2008) , supporting the Bogert effect, although larvae were less tolerant of extreme low temperatures than adults. Evidence for the Bogert effect from other arthropods is sparse. Larvae, but not adults, of Belgica antarctica are capable of rapid cold-hardening (RCH), an acute phenotypic plasticity of thermal tolerance (Lee et al. 2006) . Another study of P. dreuxi found no support for the Bogert effect when examining survival following cold shock rather than CCR (Marais et al. 2009 ), indicating that the Bogert effect may only apply to some traits. This is not altogether surprising since cold tolerance plasticity varies considerably both within and between life stages (e.g. Kelty and Lee 2001; Jensen et al. 2007 ). These results of previous studies of the Bogert effect are difficult to compare due to variation in the traits measured and can shed little light on overall evolutionary patterns as each examines only a single species.
To investigate the Bogert effect in a broader, evolutionary context, we directly compare RCH in the same suite of species at the larval and adult life stages. We utilized two pre-existing datasets containing estimates of the magnitude of RCH responses for larvae (Strachan et al. 2011 ) and adults (Nyamukondiwa et al. 2011 ) of 16 Drosophila species. We predicted that if the Bogert effect drives the evolution of phenotypic plasticity of thermal tolerance, plastic responses that improve cold tolerance should be more prevalent in the larvae, the least-mobile life stage.
Material and methods
We collated RCH estimates from two, separate, studies conducted in the same laboratory that estimated RCH responses in larval (Strachan et al. 2011 ) and adult (Nyamukondiwa et al. 2011 ) Drosophila. We extracted the low temperature that killed 90 % of individuals (LLT 90 ,°C) and the corresponding survival following RCH pretreatment, relative to controls, for the 16 species shared between the two studies (Table 1) . With the exception of Drosophila hydei (field collected), all species were obtained from stock centres.
Here, we briefly reiterate the methods used in these studies. LLT 90 was estimated from survival curves generated for wandering third-instar larvae. Groups of ten individuals were cooled from 10°C to 0°C at 0.5°C/min, then at 0.1°C/min to a range of predetermined temperatures, where they were held for 1 h. Larvae were rewarmed to 10°C at 1°C/min and survival scored as successful adult eclosion. A hardening response was induced by exposing larvae for 1 h at 4°C followed by 1 h at LLT 90 , and survival was compared to that of controls that had not received the RCH pre-treatment.
A similar method was used for LLT 90 in adults (Nyamukondiwa et al. 2011) , except that survival was estimated following acute transfer to the test temperatures rather than the temperature ramp. Hardening was induced by exposing groups of 4-6-day-old flies to a temperature 10°C above the estimated LLT 90 for 2 h before exposure to the LLT 90 , resulting in a unique combination of temperatures for each species. Flies that exhibited coordinated movement were considered alive.
To quantify the plasticity exhibited by each life stage, we calculated the percentage difference in survival (hereafter referred to as 'RCH effect') as survival pretreated -survival control , (negative values indicate that the RCH pre-treatment reduced cold tolerance) from the datasets. We compared the proportion of each life stage showing RCH between life stages across the 16 species using a two-proportion z test in Statistica (StatSoft Inc. 2011 ). Significant RCH responses were determined based on statistical tests in the original papers (Nyamukondiwa et al. 2011; Strachan et al. 2011) .
We used a pruned phylogenetic tree obtained from Nyamukondiwa et al. (2011;  branch lengths calculated from nucleotide sequences) to identify potential phylogenetic constraints on the ability of adults or larvae to mount an RCH response. We conducted a discrete character maximum likelihood model comparison using Discrete in BayesTraits (Pagel and Meade 2008) , and compared the log-likelihood ratio between models dependent and independent of phylogeny.
Results
Estimates of LLT 90 ranged from −1.6 to −10.7°C in larvae and −3 to −13°C in adults (Table 1) . Larval survival after RCH (−17 to 47 %) increased less than adult survival post-RCH (0-90 %; 
Discussion
Less-mobile larvae of Drosophila have a reduced rapid cold-hardening response compared to the more-mobile adults. This suggests that the Bogert effect is not broadly evident in this genus and that the clear Bogert effect in P. dreuxi cold tolerance (Marais and Chown 2008) may be the exception rather than the rule. Three potential explanations for this outcome appear most likely.
First, the differences in the methods used to induce RCH responses in the two studies might have biased the detection of plasticity towards adults. The species-specific determination of adult pre-treatment temperatures probably increased the likelihood of detecting plasticity compared to the uniform RCH pre-treatment used for larvae. This may be particularly true if the uniform pre-treatment temperature injured some larvae. For example, larvae of D. simulans had reduced cold hardiness after the RCH pre-treatment, but RCH pre-treatment increased adult survival by 75 %. However, the pre-treatment temperature (4 and 5°C for larvae and adults) and the estimates of LLT 90 (−3.7 and −5°C) were similar for adults and larvae. Our results are also consistent with other studies of Drosophila melanogaster, which report little to no RCH in larvae but significant RCH in adults (Jensen et al. 2007) .
The use of laboratory stocks prevents us from drawing specific conclusions about the ecological relevance of the results for these species in the field. However, we would expect laboratory adaptation to alter the magnitude of plasticity rather than the presence or absence of a hardening response and to act on both adults and larvae in equal measure. For this reason, we analysed the data conservatively, employing discrete traits and accounting for potential (but non-significant) phylogenetic signal. This may have been unnecessary, however, as inbreeding depression that is likely to occur in the laboratory environment has no significant influence on plastic responses for cold tolerance in multiple Drosophila species (Kristensen et al. 2011) .
Second, our results may reflect evolutionary constraintsor even selection against the Bogert effect-acting across the Drosophila genus. Both of the studies from which we extracted data found significant phylogenetic signal in the plasticity of cold tolerance as well as a negative correlation between RCH and basal resistance (Nyamukondiwa et al. 2011; Strachan et al. 2011) . Thus, RCH is limited by evolutionary history and as a trade-off with general cold tolerance. The absence of a phylogenetic effect in this study may result from our analysis of the presence/absence of plasticity rather than an absence of signal in these traits in general, as the phylogenetic signal may be more subtle than such broad estimates can detect. There are also ecological reasons why Drosophila may not show a Bogert effect. Larvae avoid thermal extremes, possibly aided by thermally selective choice of oviposition sites (Dillon et al. 2009 ), although both adults and larvae of D. melanogaster do experience thermal stress in the field (Roberts and Feder 1999; Feder et al. 2000; Kelty and Lee 2001) . The potential thermal environment of adult and larval Drosophila likely differs more than between the larvae and (flightless) adults of P. dreuxi (Klok and Chown 2001; Marais and Chown 2008) due to the limited dispersal potential and, therefore, close proximity of P. dreuxi adults to larval habitats.
Third, the Bogert effect may be trait specific and not apply to low temperature mortality (as we examined). The Bogert effect is observed in chill coma recovery (Marais and Chown 2008) but not low temperature mortality of P. dreuxi (Marais et al. 2009 ). Movement at low temperatures is essential for avoiding low temperature mortality and predation, and is, therefore, a clear target for selection associated with the ability to thermoregulate (as is proposed for the Bogert effect). Thus, further work is needed to disentangle the traits and life stages where behavioural mobility or innate thermal tolerance is the target of natural selection. We suggest that thermal plasticity be explored across other arthropod groups and additional life stages and the broad range of thermal tolerance traits that can be measured in insects to better understand the nature and limits of the Bogert effect in ectotherms.
